Summary Development was monitored throughout the entire life span of silver birch (Betula pendula Roth.) leaves. The focus was on senescence-related changes in photosynthesis and gene expression. The youngest fully developed leaves were compared with older senescing leaves in two silver birch lines: the wild-type line R and a late-senescing line R3.1. Line R3.1 was found among transgenic lines produced with a plasmid containing sense-RbcS and nptII under the control of the 35S CaMV promoter. Compared with the wild type, line R3.1 showed no general change in the mRNA levels of RbcS or Rubisco protein; therefore, it can be considered a line whose phenotype is due to insertional mutagenesis. Leaf senescence started earlier in line R than in line R3.1. Senescence was characterized by declining photosynthesis as indicated by decreases in chlorophyll fluorescence, the amount and activity of Rubisco, and the level of the ribulose-1,5-bisphosphate carboxylase/oxygenase small subunit (RbcS1) mRNA. Some well-known senescence-associated genes (SAGs) encoding cysteine proteinases (Cyp1, Cyp2) and a pathogenesis-related gene (Pr1) were associated with leaf senescence. The expression pattern of Cyp1 indicated that it could serve as a molecular marker of leaf senescence in silver birch. Several genes related to energy metabolism, antioxidants and phenylpropanoid biosynthesis showed enhanced expression during leaf senescence. A distinct pattern in transcript abundance during leaf development was revealed for some of the identified SAGs.
Introduction
Senescence is the highly organized, final stage of leaf development during which leaf nutrients are mobilized and recycled. During senescence many functional and structural changes occur at the organelle level (Smart 1994 , Gepstein 2004 . At first, changes occur in chloroplasts while photosynthetic rate declines (Gepstein 1988) , but mitochondria and the nucleus remain intact until an advanced stage of senescence (Smart 1994 , Inada et al. 1998 . Catabolism of membrane lipids, proteins and nucleic acids requires synthesis of new proteins and enhanced transcription of the corresponding genes. Recently, a number of senescence-associated genes (SAGs) have been identified (Gan and Amasino 1997 , Gepstein et al. 2003 , Gepstein 2004 . Some SAGs encode proteins needed for catabolism, such as proteases, lipases and ribonucleases (Buchanan-Wollaston 1997) .
The regulation of leaf senescence involves both environmental factors, for example light quality and photoperiod (Smart 1994) , and internal metabolic signals, such as sugars and nitrogen (Masclaux et al. 2000) , production of reactive oxygen species (ROS) (Thompson et al. 1987 ) and the plant hormones ethylene and cytokinin (Smart 1994) . Leaf age can also be a signal for senescence (Hensel et al. 1993) . There is evidence that crosstalk between many signalling pathways affects leaf senescence, and some signals might activate several pathways (Bowler and Fluhr 2000, Buchanan-Wollaston et al. 2003) .
Delayed leaf senescence has been observed in transgenic P SAG12 -IPT tobacco (Nicotiana tabacum L.) plants that produce cytokinins in senescing leaves (Jordi et al. 2000) , in tobacco plants overexpressing a homeobox gene knotted1 (Ori et TREE PHYSIOLOGY VOLUME 25, 2005 al. 1999), and in ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco) antisense tobacco (Miller et al. 2000) . Several stay-green mutants have been characterized in cereals, grasses, legumes and trees (Thomas and Smart 1993) . For example, Festuca pratensis Huds. was found to have a non-functional enzyme of the chlorophyll degradation pathway (Vicentini et al. 1995) , and in soybean (Glycine max (L.) Merrill) chloroplasts, membrane degradation was prevented in an unknown way (Guiamét and Giannibelli 1994) . Although it is not known how these individual changes interact with other senescence-controlling signals to delay leaf senescence, it is evident that the onset and progression of leaf senescence involves several genes.
Natural leaf senescence in woody species has rarely been studied (Vapaavuori and Vuorinen 1989 , Brendley and Pell 1998 , Pell et al. 1999 and only in the context of declining photosynthetic activity. Recently, the gene expression pattern in naturally senescing aspen (Populus tremula L.) leaves was examined by the microarray technique (Bhalerao et al. 2003 , Andersson et al. 2004 ) and many SAGs previously reported in annual plants were found to function during aspen leaf senescence. In previous studies with young silver birch (Betula pendula Roth) seedlings (Valjakka et al. 1999) , we showed that, along with senescence-related physiological phenomena, the transcript levels of leucine aminopeptidase (Lap) and pathogenesis-related protein 10 (Ypr10) become more abundant in senescing leaves.
To further elucidate the regulation of leaf senescence in silver birch, we investigated the roles of developmental stage and leaf age in determining the onset of senescence in two silver birch lines growing under controlled conditions in a greenhouse. In addition to a wild type line R, a sense ribulose-1,5-bisphosphate carboxylase/oxygenase small subunit (RbcS) line R3.1 of the same clone, containing the birch endogenous Rubisco small subunit under a constitutive promoter, was studied. The transgenic line R3.1 shows delayed senescence (Valjakka et al. 2000) . To monitor leaf development and senescence during plant growth and growth cessation, senescing leaves situated on the lower stem were compared with the youngest fully developed leaves on the upper stem of these birch lines. The onset and development of senescence were studied at the physiological, biochemical and molecular levels.
Materials and methods

Plant material, growth and experimental design
We studied transgenic sense-RbcS line R3.1 and wild-type line R silver birch plants of clone R, which is a progeny of two selected trees originating from southern Finland. Line R3.1, which shows delayed senescence, was found among the transgenic lines produced with the sense-RbcS construct (Valjakka et al. 2000) . In line R3.1, a fragment of silver birch RbcS1 cDNA, containing the mature Rubisco small subunit, is inserted in sense orientation under the control of the 35S CaMV promoter. This line has five to six copies of the transferred gene (Valjakka et al. 2000) . In vitro plantlets were replicated before they were transferred to a mixture of unfertilized and Ca-free peat (Kekkilä, Finland), perlite and forest soil (2:2:1, v/v) at high humidity for 2 weeks. On Day 0 of this experiment, they were planted in 0.7-l pots containing fertilized peat (Kekkilä, Finland). The experiment was carried out in a greenhouse during September and October. A 16-h photoperiod was maintained with high-pressure sodium vapor discharge lamps (SON-T AGRO-400 W, Philips), which supplied additional photosynthetically active radiation (PAR) of 300 µmol m -2 s -1 at the shoot-tip level. Mean day/night air temperature was 21/20°C, and relative humidity was > 40%. One hundred plants of each line were arranged in four blocks according to height from the shortest to the tallest. Each block consisted of 25 plants of both lines R and R3.1 in random order. To create similar light conditions for all plants, each block was surrounded by an extra row of silver birch plants. At the beginning of the experiment, five plants in each block were randomly selected for repeated measurements of growth and chlorophyll fluorescence, and were used in the final sampling, and then harvested for biomass determination. Samples were collected 23, 34, 44, 56 and 69-70 days after the beginning of the experiment. Leaf senescence was followed in leaves that were marked as the life span leaves 1 day before the first sampling. On Day 0, the life span leaves were at the third and fourth node from the apex ( Figure 1B ). Leaves selected for measurements were the youngest fully developed (yfd) leaves on the plants. As the line R plants grew during the study, the position of the life span leaves changed relative to the yfd leaf ( Figure 1B) . Because line R3.1 plants only produced 4-7 small leaves during the study ( Figure 1B ), there were no yfd leaves on the first three measurement dates, and for the last two sampling days when the plants had yfd leaves, the life span leaves of this line also represented the youngest fully developed leaves.
All samples were taken between 1300 and 1600 h, and at each sampling time, five plants per line were randomly selected from each replicate block. The lengths and widths of the pre-selected leaves were measured. The leaves were then excised and frozen in liquid nitrogen. Leaf area was calculated from the correlation between the measured leaf area (LI-3050A, Li-Cor, Lincoln, NE) and leaf length × leaf width. For biochemical analyses, the leaves from each replicate block were pooled. After each sampling, the stem, roots and remaining leaves were harvested for fresh and dry mass determinations (60°C for 48 h).
Chlorophyll fluorescence
Chlorophyll fluorescence of the life span leaves and yfd leaves was measured at the growth temperature with a portable, pulse-amplitude-modulated fluorometer (MINI-PAM, Heinz Walz GmbH, Effeltrich, Germany). After 15 min of dark adaptation in a dark leaf clip (DLC-8, Heinz Walz GmbH), the minimal fluorescence (F 0 (Genty et al. 1989) . After the saturating pulse, the leaves were exposed to actinic light of 360-475 µmol m -2 s -1 ( Figure 3B ) for 2 min, after which steady-state fluorescence (F s ) was recorded, and a saturating pulse was applied to determine the maximal fluorescence at steady-state (F m ′). The apparent quantum yield of PSII photochemistry in the light-adapted steady state ( Genty et al. 1989 ) and non-photochemical quenching (NPQ) as (F m -F m ′)/F m ′, according to the Stern-Volmer equation (Bilger and Björkman 1990) .
Gas exchange
Gas exchange was measured with an open, portable photosynthesis system (LI-6400, Li-Cor) with a standard leaf chamber equipped with a 6400-02B LED light source (LI-6400, Li-Cor). Gas exchange parameters were calculated according to the method of von Caemmerer and Farquhar (1981) . Measurements were made in the greenhouse under the experimental growth conditions. During measurements, leaf temperature was maintained at 22°C with a Peltier element. On Day 49, we measured gas exchange of the yfd leaf from 20 plants of line R and six plants of line R3.1. The CO 2 concentration ([CO 2 ]) in the leaf chamber was 360 ppm, relative humidity (RH) was 40%, and photon flux density was saturating (PAR = 800 µmol m -2 s -1 ). On Days 48 and 51, apparent quantum yield (i.e., the initial slope of the light response curve, α) was determined in four plants per line. The [CO 2 ] in the leaf chamber was 360 ppm, and RH was adjusted to 40-55%. Net photosynthesis (P n ) was first allowed to stabilize at 500 µmol m -2 s -1 (PAR), after which P n was recorded as PAR was decreased to < 180 µmol m -2 s -1 in three or four steps. On Days 50 and 51, the maximum velocity of the Rubisco carboxylation of RuBP (i.e., the carboxylation efficiency, V max ) was measured on six (line R) or five (line R3.1) plants. The RH was 40-60%, and PAR was saturating for P n . After the leaf was inserted in the chamber, P n was allowed to stabilize at 360 ppm [CO 2 ], after which it was measured as the [CO 2 ] was increased from 40 to 170 ppm in four steps. The values obtained were then corrected for chamber leaks. During measurements of α and V max , P n was allowed to stabilize for 1 to 3 min at each step, so that CV was < 1%.
Activity and amount of Rubisco and amounts of soluble protein and chlorophyll
Leaves were ground to a fine powder in liquid nitrogen, and a sample of about 30 mg was homogenized in ice-cold extraction buffer containing 50 mM MES, pH 6.8, 20 mM MgCl 2 , 50 mM 2-mercaptoethanol and 1% (v/v) Tween 80. Aliquots of the crude extract were analyzed for chlorophyll content by the method of Porra (1989) . After centrifugation, the total activity of Rubisco (EC 4.1.1.39) was determined as the incorporation of 14 C into acid-stable products (Laitinen et al. 2000) . The amount of Rubisco protein was determined by polyacrylamide gel electrophoresis (Ruuska et al. 1994 ) and the soluble protein content was determined by Bradford's method (Bradford 1976). 
Electron microscopy
Three plants of each line and replicate were selected at random for ultrastructural studies. At the last sampling, Days 69-70, the yfd leaf from each replicate was removed and fixed in a mixture of 1.5% glutaraldehyde, 1.5% paraformaldehyde and 0.05 M cacodylate buffer (pH 7.0, containing 0.15 M sucrose and 2 mM CaCl 2 ). Cross sections were taken from the middle of the leaves near the central vein and fixed at 4°C for about 22 h. Further stages of fixation were carried out as described by Soikkeli (1980) . For electron microscopy, one plant per line and replicate was randomly selected for cross-sectioning of the leaves. The sections were then stained with uranyl acetate and lead citrate. The palisade and spongy cells were photographed at a magnification of 7500× with a transmission electron microscope (JEOL JEM-1200 EX) equipped with a digital camera. The mean areas of chloroplasts, starch grains and mitochondria were measured by the point-counting method (Romppanen and Collan 1984) using the Adobe Photoshop 4.0.1 program.
Analysis of gene expression
Total RNA was isolated according to Chang (1993) from pooled leaf samples that represented all four replicates. Because of the small sample size in line R3.1, gene expression could be analyzed only on the last 3 days of sampling. The quality of the RNA samples was verified by Northern hybridizations (Sambrook et al. 1989 ). For analysis of RNA dot blot hybridization, equal amounts of total RNA (3 µg) were diluted as described by Valjakka et al. (1999) . Samples were blotted with a Minifold vacuum filtration system (Schleicher and Schuell, Dassel, Germany) onto a positively charged nylon membrane (Boehringer Mannheim, Mannheim, Germany).
The PCR-amplified fragments of silver birch cDNAs were prepared at the Helsinki Institute of Biotechnology, University of Helsinki, by the research groups of Prof. E.T. Palva and Prof. J. Kangasjärvi. These fragments, which represented genes encoding enzymes of different metabolic functions (Table 3), were purified with QIAquick PCR Purification Kit (Qiagen, Hilden, Germany) and then labeled for analysis of northern and RNA-dot blot hybridization with Ready-to-go DNA labeling beads (-dCTP) (Amersham Pharmacia Biotech) in a volume of 50 µl with [-32 Pα]dCTP (10 mCi ml -1 ). Labeled probes were purified on G-50 columns (ProbeQuant G-50 Micro Columns, Amersham Pharmacia Biotech). Northern and RNA dot blot hybridizations were performed in a modified Church buffer: 0.5 M NaHPO 4 , 7% SDS at 65°C (Church and Gilbert 1984) . Post-hybridization washes were performed with 5% SEN (5% SDS, 1 mM EDTA, pH 8, 40 mM NaHPO 4 ) and 1% SEN (1% SDS, 1 mM EDTA, pH 8, 40 mM NaHPO 4 ) solutions at 65°C; and the membranes were rinsed in 2× SSC (3 M NaCl + 0.3 M sodium citrate) before being exposed to phosphor imager screens (BAS-1500, Fuji film, Kanagawa, Japan). The signal intensity was quantified using Tina 2.09 software (Raytest, Isotopenmessgeräte GmbH, Germany). Probes were removed from the membranes before they were re-hybridized with a ribosomal 18S probe.
For reverse Northern hybridization, PCR products (100 ng) were suspended in 0.2 N NaOH and blotted with a Minifold vacuum filtration system onto nylon membranes. The controls included Arabidopsis actin 2 (Genbank AC H36835, 179M16T7) as a constitutive control and poly(T) 21-mer, bluescript, pGEM3Z, pSPORT and pUC19 as negative controls. The DNase-treated total RNA was used for poly(A) + RNA purification (Oligotex mRNA midi kit, Qiagen GmbH, Hilden, Germany). The mRNA samples were reverse-transcribed in the presence of [α-
33 P] dCTP 10 mCi ml -1 (Amersham). The reverse transcription reaction was performed in 25 µl of solution containing 1 µg poly(A) RNA with 660 ng oligo(dT) 21-mer, 500 ng oligo(dT) 15-mer, 520 µM each of dATP, dGTP and dTTP, 5 µM dCTP, 5 µl [α-
33 P] dCTP (10 µCi µl -1 ), 200 U M-MVL reverse transcriptase (Promega, Madison, WI) in 1 × M-MVL buffer. After a 1-h incubation at 42°C, the reaction was denatured at 70°C for 15 min, 2 U of RNaseH was added and the reaction mixture was incubated at 37°C for 30 min. The probes were purified on G-50 columns.
Reverse Northern membranes were prehybridized for 1-2 h in a solution containing 50% formamide, 1 × Denhart's solution (1% (v/v) Ficoll 400, 1% (w/v) polyvinylpyrrolidone, 1% (w/v) bovine serum albumin), 5 × SSC, 1% (w/v) SDS, and 0.25 mg ml -1 herring sperm DNA. The membranes were hybridized overnight. After hybridization, high stringency washes were performed at 65°C. Filters were exposed to phosphor imager screens and the signal intensity was quantified using Tina 2.09 software. Alterations in gene expression were normalized based on the abundance of actin 2, which was used as a constitutive control. In some of the leaf samples, the magnitude of the change in gene expression was difficult to assess, because the initial expression level of some genes in the yfd leaves was low: these genes are given the notation "weak signal (ws)" in Table 3 .
Statistical analyses
Net photosynthesis and electron microscopy results were analyzed with t tests (SPSS 8.0).
Results
Growth characteristics
Phenotypic differences between the transgenic line R3.1 and the wild type R line plants were large. Height growth was low in line R3.1 (Figure 2A ), the internodes were short and the fully developed leaves were small and curly in comparison with those of line R ( Figures 1A and 2C ). Leaf area growth of life span leaves was severely reduced in line R3.1 compared with R ( Figure 2C ). The life span leaves of line R attained maximal area on Day 34 when the life span leaves of line R3.1 were still expanding ( Figure 2C ). Height growth of line R plants stopped 44 days after the start of the experiment (Figure 2A) and terminal buds formed. After Day 44, yfd leaves of line R did not grow as large as yfd leaves that developed during the period of height growth (Figures 2A and 2C) . The total biomass of line R3.1 plants was always less than that of line R plants ( Figure 2B ), but despite the cessation of height growth, it continued to increase in both lines until the end of the study. Leaves of line R3.1 remained green throughout the experiment, whereas the lowest leaves of line R became yellow and abscised.
Characteristics of photosynthesis
Maximum photochemical efficiency of PSII, measured as chlorophyll fluorescence of dark-adapted leaves (F v /F m ) as well as apparent quantum yield of PSII (F v ′/F m ′) decreased from Day 34 ( Figure 3A ) in the life span leaves of line R. The life span leaves of line R3.1 showed similar F v /F m to the yfd leaves of line R, both remaining high throughout the experiment ( Figure 3A) . Apparent quantum yield decreased from 0.4 to 0.3 in yfd leaves of line R, whereas in line R3.1, it remained stable ( Figure 3B ). There were no changes in non-photochemical quenching (NPQ) during the experiment or between the lines ( Figure 3D ).
On Day 49, there were no significant differences between lines in net photosynthesis, stomatal conductance or intercellular CO 2 concentration (Table 1) . Leaf area of yfd leaves was several times larger in line R plants than in line R3.1 plants, indicating much greater net carbon gain in line R leaves Figure 2C ). Apparent quantum yield measured on Days 48 and 51, was slightly higher in line R than in line R3.1, indicating that, at low irradiances, line R assimilated more carbon than line R3.1. Carboxylation efficiency (V max ) of yfd leaves on Days 50 and 51 (Table 1) was slightly higher in line R3.1 than in line R, paralleling the greater total Rubisco activity in this line.
The amount and total activity of Rubisco as well as chlorophyll concentration of life span leaves of line R ( Figures 4A,  4B and 4D) were low in the young leaves, at their highest on the second sampling on Day 34, and decreased toward the end of the experiment. In yfd leaves of line R, the amount and total activity of Rubisco and the concentration of chlorophyll (Figures 4A , 4B and 4D) were highest on the first day of sampling, thereafter these parameters decreased steadily. In line R3.1, the amount and total activity of Rubisco and chlorophyll concentration ( Figures 4A, 4B and 4D) remained stable throughout the study in both leaf types. The chlorophyll a/b ratio decreased from 4.0 to 3.3 in life span leaves of line R when upper leaves shaded them, whereas the chl a/b ratio remained around 4.0 in line R3.1. In the life span leaves of line R, total soluble protein concentration was highest (about 50 mg g FM -1 )
at the beginning of the study, but decreased later, whereas in line R3.1, total soluble protein concentration remained high throughout the study (33-46 mg g FM -1 ) ( Figure 4C ). Electron microscopy of yfd leaves on Days 69-70 showed that cells of line R leaves contained larger plastoglobuli than cells of line R3.1 leaves (cf. Figures 5A and 5B ). There were no ultrastructural abnormalities of the leaf cells of line R3.1. The chloroplasts in the palisade parenchyma cells were significantly (P < 0.05) larger in line R3.1 than in line R, but the starch grains and mitochondria were the same size in both lines (Table 2 ). In spongy mesophyll cells, the sizes of the chloroplasts, starch grains or mitochondria did not differ between the two lines.
Changes in gene expression during leaf development
To select comparable leaf samples for reverse northern hybridization analysis (Table 3) , the level of RbcS1 mRNA (Figure 6A ) and the amount and activity of Rubisco (Figures 4A and 4B) were assayed as indicators of different developmental stages during leaf ontogeny. The yfd leaf from Day 23 was chosen as the active photosynthesizing leaf. The life span leaves from Days 44 and 56 were selected to present the early and advanced phases of senescence, respectively. The actin 2 gene of Arabidopsis thaliana (L.) Heynh. was used as a constitutive control among the different reverse Northern mem- Table 1 . Photosynthetic rates (± SE) in the youngest fully developed leaves of silver birch lines R (n = 20) and R3.1 (n = 6) on Day 49. Net photosynthesis was measured at 360 ppm CO 2 and 40% relative humidity (RH) at saturating photosynthetically active radiation (PAR) > 800 µmol m -2 s -1 . Apparent quantum yield was measured from the initial slope of the light response curve PAR < 180 µmol m -2 s -1 at 360 ppm CO 2 and 40-55% RH. Maximum velocity of carboxylation was measured as the initial slope of the CO 2 response curve between 40 and 170 ppm CO 2 . Abbreviations: P n = net photosynthesis; g s = stomatal conductance; C i = intercellular CO 2 concentration; C i /C a = intercellular CO 2 /atmospheric CO 2 ; VPD leaf = leaf-to-air vapor pressure deficit; E = transpiration; α = apparent quantum yield; and V max = maximum velocity of carboxylation.
Parameters
Line R Line R3.1 branes because its mRNA levels varied less than twofold in Northern hybridization analyses (data not shown) in the selected leaf samples. Reverse Northern hybridization analysis showed differential expression of genes during leaf senescence (Table 1 ). The senescence-associated genes (SAGs) belonged to various functional subgroups including energy metabolism, cell maintenance and development, antioxidant and defence genes, hormone perception and phenylpropanoid biosynthesis. The expression of most of these genes increased as senescence advanced, but a decline in the expression of some genes was observed in senescing leaves compared with young leaves. In particular, photosynthesis-related genes, such as the small subunit of Rubisco (RbcS1), chlorophyll a/b binding protein (Cab) and carbonic anhydrase (Ca), as well as the genes of alpha-tubulin (Atub) and ACC synthase were down-regulated during leaf senescence (Table 3) .
We used RNA dot blot hybridizations to confirm the results of the reverse Northern analyses, to reveal differences between lines R and R3.1, and to study changes in gene expression throughout the whole leaf life span. Six genes representing photosynthesis (RbcS1 and Cab), cell maintenance (Cyp1 and Lox2), antioxidants (Apx) and defence (Pr1) were chosen for the analyses. Two of these genes were down-regulated during senescence (RbcS1, Cab) and four of them were chosen (Cyp1, Lox2, Apx, Pr1) to represent SAGs.
The mRNA levels of RbcS1 and Cab decreased during the experiment in the life span leaves of both lines ( Figures 6A and  6B) ; however, the decreases occurred on different time scales in line R and line R3.1 (cf. Figures 6A and 6B) . The RbcS1 and Cab mRNA levels also decreased during the experiment in yfd leaves of line R but not of line R3.1. The expression of different SAGs varied temporally in the life span leaves of line R, so that Cyp1 ( Figure 6D ) and Pr1 ( Figure 6F ) were expressed at their maximum intensity on the last sampling day (Days 69-70), whereas expression of Apx and Lox2 ( Figures 6C and 6E ) was highest on Day 56 and was decreasing on the last sampling day. In yfd leaves of line R, levels of Apx and Lox2 increased toward the end of the experiment, whereas levels of Cyp1 (Figure 6D ) and especially Pr1 ( Figure 6F ) were low. In both yfd and life span leaves of line R3.1, Cyp1 ( Figure 6D ) and Pr1 ( Figure 6F ) were at about the same low level as the basal expression in young leaves of line R. The level of Lox2 mRNA increased more in line R3.1 than in line R on the last sampling day ( Figure 6E ).
Discussion
Senescence-related decline in photosynthesis is characterized by loss of chlorophyll (Gepstein 1988 ) and decreases in the amount and activity of Rubisco (Batt and Woolhouse 1975, Kasemir et al. 1988) . A declining efficiency of light reactions, usually in the capacity of PSII, has been observed in senescing leaves (Gepstein 1988 , Humbeck et al. 1996 , Lu and Zhang Figure 5 . Parts of palisade cells from the youngest fully developed leaves of silver birch lines R and R3.1. In line R (5a), the mean area of each chloroplast (= C) was about 14 µm 2 and that of each starch grain (= S) was about 9 µm 2 . Size of the plastoglobuli (arrows) varied greatly. In line R3.1 (5b), the mean area of each chloroplast was about 29 µm 2 and that of each starch grain was about 18 µm 2 . Plastoglobuli were always electron dense and small. Abbreviation: M = mitochondria. Bars = 2 µm. Table 2 . Mean organelle size (± SE) in the parenchyma palisade and spongy mesophyll cells of the youngest fully expanded leaves from silver birch lines R and R3.1 on Days 69-70. An asterisk denotes a statistically significant difference at P < 0.05.
Line R Line R3.1
Palisade parenchyma cells Chloroplasts 14.5 ± 3.2 28.6 ± 9.9 * starch grains 9.2 ± 3.0 17.6 ± 11.6 Mitochondria 0.5 ± 0.1 0.4 ± 0.1
Spongy mesophyll cells
Chloroplasts 12.0 ± 2.7 11.7 ± 0.8 starch grains 7.8 ± 2.4 4.0 ± 1.8 Mitochondria 0.4 ± 0.0 0.5 ± 0.1 TREE PHYSIOLOGY VOLUME 25, 2005 1998). On the molecular level, the expression of photosynthesis-specific genes decreases as leaf senescence advances (Bate et al. 1991 , Jiang et al. 1993 . We observed declines in photosynthesis, in the amount and activity of Rubisco, in chlorophyll concentration and in the level of RbcS1 mRNA in life span leaves of line R soon after they were fully expanded. A similar decline in photosynthesis starting as soon as the leaves are fully expanded has been reported in birch (Valjakka et al. 1999) and Arabidopsis (Stessman et al. 2002 , BuchananWollaston et al. 2003 . Photosynthetic activity of the youngest fully developed leaves was maintained throughout the experimental period, indicating that the youngest leaves remain active and that the accumulation of biomass continues after height growth cessation. However, at the time of height growth cessation in line R, the yfd leaves were smaller and steady decreases in the amount Table 3 . Changes in gene expression during leaf development in silver birch normalized relative to the abundance of actin 2. Two stages of leaf senescence, represented by the life span leaves of Days 44 and 56, are compared with the active photosynthetic phase, represented by the youngest fully developed leaf (yfd) on Day 23. Relative transcript abundances are denoted by -/+ when the decrease/increase was two-to fivefold, --/++ when the change was 5-to 10-fold, and ---/+++ when the change was more than 10-fold. Under the heading "comments," "ws" indicates a weak signal in some leaf sample, "no" indicates that no difference was detected in the mRNA level. An asterisk indicates that the EST-sequences will appear in the Genbank as part of a larger group. and total activity of Rubisco and chlorophyll concentration were observed (cf. Valjakka et al. 1999) . Delayed leaf senescence in line R3.1 was manifest in several ways. In life span leaves that had developed at the same time, the onset and rate of decline in photosynthesis differed markedly between lines R and R3.1. The life span leaves of R3.1 resembled the yfd leaves of line R more closely than the corresponding line R life span leaves. Compared with line R leaves, line R3.1 leaves displayed a delayed decline in all of the photosynthetic parameters measured. Compared with those of line R3.1, yfd leaves of line R had larger plastoglobuli and smaller chloroplasts in the palisade parenchyma cells, characteristics that may be interpreted as signs of senescence (Dodge 1970 , Inada et al. 1998 , Guiamét et al. 1999 . Although the mRNA levels of RbcS1 were generally higher in line R3.1 than in line R, we found no evidence of overproduction of RbcS1 in line R3.1 compared with line R. Thus, the phenotype of line R3.1 can be considered the result of insertional mutagenesis.
Life span leaves of line R became self-shaded by new leaves that developed above them. Low irradiances may have accelerated senescence in the line R life span leaves, as has been observed in Helianthus annuus L. (Rousseaux et al. 1996) , and as a result of vigorous growth, the life span leaves of line R may have become source leaves for nitrogen (Masclaux et al. 2000) . In contrast, the life span leaves of R3.1 received less light than the R leaves because of the smaller height of the line R3.1 plants and their random positioning among the taller line R plants. Therefore, the delayed leaf senescence of line R3.1 cannot be explained by better light conditions. Another possibility is that, as a consequence of the slow growth of line R3.1, reallocation of nutrients may not have occurred when the measurements were made. We cannot, therefore, rule out the possibility that the delay in leaf senescence in line R3.1 is related to its overall low growth rate or is associated with different nutrient conditions compared with line R.
Only a limited EST library is available for the Betula family to study gene expression during the different phases of active leaf growth and leaf senescence. We found changes in the expression of 32 genes, belonging to different functional classes, during leaf senescence. The genes down-regulated during senescence were mostly photosynthesis-related (RbcS, Cab, Ca) or associated with cell maintenance (Atub). Decreased abundance of RbcS and Cab transcripts has previously been reported during leaf senescence in bean and soybean (Bate et al. 1991 , Jiang et al. 1993 . We observed decreased expression of the RbcS1 gene in both yfd and life span leaves of line R during the experiment, and in the life span leaves of line R3.1. Throughout our study, the Cab gene was expressed at a relatively low level in line R3.1 compared with line R. In contrast, genes associated with energy metabolism, G6PD, Adh and Mpt, had higher transcript levels in senescing leaves than in growing leaves, indicating changes in energy production. Similarly, genes related to respiration and mitochondrial energy TREE PHYSIOLOGY VOLUME 25, 2005 conversion are reported to be upregulated in autumn leaves of aspen (Bhalerao et al. 2003 , Andersson et al. 2004 .
Nitrogen mobilization from senescing leaves involves proteases. Some senescence-associated cysteine proteases have a basal expression level in young leaves (Drake et al. 1996 , Xu and Chye 1999 , Ueda et al. 2000 , whereas others are highly specific for senescence (Noh and Amasino 1999) . In aspen, expression of eight cysteine proteases increases as senescence proceeds, and their respective patterns differ (Andersson et al. 2004) . Cysteine proteases are the most abundantly expressed gene family during senescence of Arabidopsis leaves (Guo et al. 2004) . The Cyp1 mRNA level in line R3.1 remained low, whereas it increased in line R simultaneously with the decline in photosynthesis and the onset of leaf senescence, indicating that Cyp1 could serve as a molecular marker of senescence in silver birch.
Several genes associated with cell maintenance and development were upregulated as leaf senescence advanced. For example, increased expression of Lap mRNA, previously observed in senescing birch leaves by Valjakka et al. (1999) , indicates increased protein degradation during leaf senescence. The level of Lox2 mRNA decreased during the advanced stage of senescence in life span leaves of line R, whereas Lox2 expression was high in both the yfd and life span leaves of line R3.1 at the end of the experiment. Products of LOX metabolism play important roles in development and in responses to stress (Porta and Rocha-Sosa 2002) . Stress-inducible genes may help to maintain cell viability during the early stages of senescence. Alternatively, the observed induction of lipoxygenases, coded for by the Lox1 and Lox2 genes, after the decline in photosynthesis in the life span leaves of line R could be related to increasing breakdown of membranes, because lipoxygenases are involved in membrane degradation (Thompson et al. 1998) .
We found increased expression of Dhn in the leaves during both early and advanced stages of senescence, which has not previously been studied during leaf senescence. However, increased expression of dehydrin-like proteins has been reported in the senescing leaves of Arabidopsis (Buchanan-Wollaston et al. 2003) and aspen (Bhalerao et al. 2003) .
Production of reactive oxygen species (ROS) is enhanced during leaf senescence (Thompson et al. 1987 ) and this is accompanied by the production of certain antioxidant enzymes (Buchanan-Wollaston 1997). The antioxidative capacity of senescing leaves may change at different rates in different organelles. During natural senescence of cucumber (Cucumis sativus L.) leaves, the activities of ascorbate peroxidase (APX) and glutathione peroxidase (GPX) increased, whereas the activities of glutathione reductase (GR), superoxide dismutase (SOD) and catalase (CAT) decreased (Kanawaza et al. 2000) . In detached spinach (Spinachia oleracea L.) leaves, the activities of APX, CAT, GR and SOD decreased (Hodges and Forney 2000) . In isolated peroxisomes and mitochondria from pea (Pisum sativum L.), APX activity decreased in both organelles, GR activity decreased in the mitochondria but not in the peroxisomes, and Mn-SOD activity decreased in the mitochondria (Jiménez et al. 1998 ). In our study, mRNA levels of Apx, Gpx, GR, Gst and Cu, Zn-SOD increased during leaf senescence. Detailed analysis indicated that Apx transcript levels in line R increased in aging life span leaves, but decreased during the advanced stages of senescence. The timing of Apx expression during the life of a leaf suggests that APX is involved in H 2 O 2 detoxification before leaf senescence, and that the capacity for H 2 O 2 scavenging gradually declines as senescence proceeds (Hodges and Fourney 2000) .
Many pathogenesis-related PR protein genes are induced during senescence, including the genes coding for PR-1a-like protein of Brassica napus L. (Hanfrey et al. 1996) and several chitinases of parsley (Petroselinum crispum (Mill.) Nyman ex A. W. Hill) (Lers et al. 1998) , as well as PR1 of aspen (Bhalerao et al. 2003) , Ypr10 of soybean (Glycine max) (Crowell et al. 1992) and Ypr10 of silver birch (Valjakka et al. 1999) . The transcript levels of the PR-proteins 1, 3a, and 10 increased in leaves of line R as the leaves aged, but were low in leaves of line R3.1. Several signaling pathways involved in the induction of PR-protein genes, such as sugars (Hebers et al. 1996) , ethylene (Eyal et al. 1992) , ROS (Surplus et al. 1998) and salicylic acid (Yalpani et al. 1991) can regulate leaf senescence; however, the exact role of PR proteins in senescing leaves is unknown. These proteins may establish a stage of increased protection against potentially invasive pathogens during the phase when soluble sugars and amino acids are transported from the leaves. The PR protein genes may also respond to the signals, such as ROS, ethylene or SA that are involved in the regulation of senescence. Among other defence genes, Wrky, a transcription factor that has been associated with both senescence and defence (Robatzek and Somssich 2001) , was highly induced during leaf senescence.
Phenolic compounds often accumulate in response to various stresses and during senescence, and there is increasing evidence that several products of the phenylpropanoid pathway are involved in protection from oxidative stress (Yamasaki 1997 , Tamagnone et al. 1998 , Hoch et al. 2001 . In our study, based on the increasing mRNA levels of DAHP-synthase (DS3) and Pal, the biosynthetic pathway of phenolic compounds was active during birch leaf senescence. Up-regulation of several enzymes of the phenylpropanoid pathway may be necessary to produce flavonoids that serve as electron donors and are readily oxidized by peroxidases during H 2 O 2 detoxification ).
In conclusion, we found that the transgenic line R3.1 showed delayed age-dependent leaf senescence compared with the wild-type line R. The age-dependent senescence of the lower leaves on the stem was characterized by declines in photosynthesis, amount and activity of Rubisco, chlorophyll concentration and in the levels of RbcS1 and Cab mRNA. After photosynthesis declined, the transcript levels of many senescence-associated genes became more abundant. A detailed analysis of transcript abundances during leaf development showed that, during the advanced stage of senescence, Cyp1 and Pr1 mRNA levels increased, whereas the expression of Apx and Lox2 decreased. Thus Apx and Lox2 might function in enhanced housekeeping activities rather than playing a highly senescence-specific role. To increase our understanding of se-nescence, further information is needed concerning changes in gene expression, enzyme activities and interaction of environmental and metabolic signals during the life span of a leaf. For this work, the late-senescing R3.1 line might be a useful tool.
